ABSTRACT. The development of the intestinal mucosal Res 27:239-244,1990) 
The postnatal development and maturation of the intestinal mucosal immune barrier is an important host defense mechanism to prevent the penetration and uptake of bacteria, toxins, and potentially damaging antigens (1). Previous reports on the phenotypic characterization and tissue distribution of human fetal lymphocytes have focused primarily on lymphocytes found in thymus, spleen, liver, lymph nodes, and bone marrow (2-6). Limited information is currently available on the development of the human gut-associated lymphoid tissue. Immunohistochemical examination of human fetal terminal ileum has demonstrated that by 19-22 wk gestation, the gut epithelium and lamina propria contain many isolated T cells and the lamina propria contains aggregates of T and B cells (7-9). Our study evaluates the distribution of T and B lymphoid populations and MHC class I1 antigen expression in human fetal intestine in comparison with normal postnatal intestine.
Tissue samples. Fetal tissues were obtained within 2 h after prostaglandin/saline-induced abortions. The estimated fertilization age of the fetuses was determined by crown-rump length, foot length, and fetal wt during postmortem examination (10, 11). The following tissues were harvested from six fetuses, 17-2 1 wk estimated fertilization age: proximal jejunum, distal ileum, cecum, colon, spleen, thymus, and liver. Procurement of human tissues and the consent forms were approved by the Committee for the Protection of Human Subjects from Research Risks at the Brigham and Women's Hospital and The Children's Hospital, in accordance with the Declaration of Helsinki.
Histologically normal intestinal tissue from children ranging in age from I d to 3 y, 10 mo was obtained from surgical specimens submitted to the Pathology Department (Table 1) . The tissue samples were embedded in OCT Compound (Ames Co., Elkhart, IN), snap frozen in liquid nitrogen or isopentane (-70°C) and stored at -70°C.
MAb. The MAb used in this study include B1 (CD20), B2
(CD2 1 ), (Coulter Corp., Hialeah, FL), anti-IgA, , anti-I&, antiIgG, anti-IgM, anti-IgD, Leu 2a (CD8), Leu 3a (CD4), Leu 4 (CD3), Leu 6 (CDl), anti-HLA-DR, anti-HLA-DQ, anti-HLA-DP (Becton Dickenson, Mountain View, CA), anti-HLA-A,B,C (Bioproducts for Science Inc., Indianapolis, IN) and OKT8 (CD8) (Ortho Pharmaceutical Corp., Raritan, NJ). This panel of antibodies was chosen so that asDects of B cell. T cell. and antigenpresenting cell development could be evaluated.
Immunoperoxidase staining. Frozen tissue sections 4-to 6-pm thick were fixed in acetone and stained by the previously described avidin-biotin complex method (12). Briefly, the tissue sections were incubated with MAb at an optimal dilution for 1 h followed by incubations with 1:240 dilution of biotinylated horse anti-mouse antibody and a 1: 120 dilution of avidin-biotinylated peroxidase complex (Vector Laboratories, Inc., Burlingame, CA). Negative control slides were incubated with PBS, pH 7.3 instead of a primary antibody. A positive control known to express the antigen of interest was also processed in parallel. Each incubation was followed by three washes in PBS. Endogenous peroxidase activity was blocked by a 20-min incubation in 0.3% hydrogen peroxide in PBS. Tissue sections of fetal liver 
RESULTS
Thymus. The staining observed in the fetal thymus with antibodies against T cells was consistent with previous reports on fetal thymocyte suspensions (2, 13) and immunohistochemical staining of postnatal thymic tissue (14) . Cortical thymocytes demonstrated peripheral staining with antibodies against CDl, CD3, CD4, and CD8. The majority of the medullary thymocytes was CD4+ but many were CD8+. IgM' and IgD' cells were present in the medulla, but no IgG+, I d I + , or IgA2+ cells were identified. Many CD20+, and to a lesser extent CD2 1+, cells were found in the medulla. These cells were larger than medium size lymphocytes and demonstrated membrane staining. Prominent diffuse (cytoplasmic) and some membrane staining was present in the medulla with the antibodies against MHC class I1 antigens. Patchy dendritic staining occurred in the cortex with anti-HLA-DR and anti-HLA-DQ, but there was minimal cortical staining with anti-HLA-DP. This staining pattern was most consistent with the staining of epithelial cells; however, staining of some thymocytes cannot be excluded.
These results are consistent with the protein that immature thymocytes reside in the cortex and mature thymocytes are present in the medulla; however, the expression of CD3 and CD5 antigens by the majority of cortical thymocytes raises the possibility that the maturation of thymocytes starts in the cortex.
Spleen. B lymphocytes identified with antibodies against IgM, IgD, CD20, and to a lesser extent CD2 1, were found mainly in primary follicles of the white pulp with some cells scattered throughout the red pulp. A few I d l + and IgA2+ cells were present, located in primary follicles of one fetal spleen. Secondary follicles were not observed in fetal tissue. CD3+, CD4+, and CD8+ lymphocytes were predominant in the periarteriolar sheath and scattered throughout the red pulp. The endothelial cells of the splenic sinusoids were CD8-, in contrast to the marked staining reported in adult spleens (15). Extensive staining occurred in the red pulp with anti-CD4 antibody, staining both lymphocytes and macrophages. The antibodies against MHC class I1 antigens predominantly stained cells in the primary follicles. Some dendritic staining was also present in the red pulp.
Liver. Cells bearing IgM and IgD were the most frequent B cells found sparsely scattered throughout the parenchyma of fetal liver. CD20+ cells were found rarely in only two fetal livers. Staining for CD2 1, I d , , I d 2 , and IgG was not demonstrable in all samples examined. Many CD4+ cells with dendritic staining were evenly distributed in the sinusoids; however, CD3+ and CD8+ cells were sparse. Therefore, most of the CD4+ cells were not T cells but were probably macrophages (Kupffer cells). Most HLA-DR+ cells in the sinusoids demonstrated dendritic staining and many cells in the portal tracts had peripheral staining with anti-HLA-DR. Expression of MHC class I1 antigens was not detected on intrahepatic bile ducts.
Small intestine. The lymphoid cells in the fetal intestinal mucosa were distributed as scattered cells or in small aggregates (primary follicles). Sparsely scattered lymphocytes stained with antibody against CD20, IgM, IgD, and occasionally CD21 and were considered to be B lymphocytes. No I d I + , IgA2+, or IgGf cells were present in the lamina propria of fetal intestine or the proximal jejunum of the I-d-old infant; however, as expected, IgA,+ and I d 2 + cells represented the predominant B cell population in the lamina propria of postnatal small intestine (Fig.  1 b) . Lymphocyte staining for IgM, IgD, CD20, and occasionally CD21 was present in the small intestinal lamina propria of postnatal specimens. In order of predominance, CD4+, CD3+, and CD8+ cells were readily identified in the lamina propria of all fetal intestine as well as all specimens obtained postnatally. Many of the CD4+ cells had the morphologic appearance of macrophages or dendritic cells.
Most B cells in fetal intestinal tissue were clustered in lymphoid aggregates, characteristic of primary follicles staining with antibodies against IgM, IgD, CD20, and faintly CD2 1. Many primary follicles were present in fetal cecum and appendix. In two specimens some I d I + , I d 2 + , and IgG+ cells were prominently stained in lymphoid aggregates (Fig. 1 a) .
Both primary and secondary lymphoid follicles were found in the postnatal specimens except for the 1-d-old infant. Germinal centers stained for IgM, IgG, and CD20; whereas, the mantle zones demonstrated the staining characteristics of a primary follicle. Interfollicular cells stained with antibodies against CD4, CD3, and CD8 with CD4+ cells predominating.
Occasional intraepithelial lymphocytes (0-1 cells per highpowered field) stained with CD3 and CD8 antibodies were present in all six fetuses and the 1-d-old infant (Fig. 2a) . CD4+ intraepithelial lymphocytes were absent in four fetuses and the 1-d-old infant and were observed only rarely in two fetuses. Similarly, intraepithelial lymphocytes that were slightly more numerous (one to two cells per high-powered field) in the intestine of older infants and children were predominately CD3+ and CD8+ (Fig. 2b) .
Many HLA-DR+, HLA-DQf, and HLA-DP+ cells were present in the lamina propria of all pre-and postnatal small intestine sections stained, with prominent dendritic staining observed with HLA-DR and HLA-DQ antibodies. No MHC class I1 antigen expression was observed on the epithelial cells of any fetal intestinal tissue or the newborn intestine (Fig. 3a) . The epithelium of the proximal jejunum of the three older children (14 mo to 3 y, 10 mo) was HLA-DR+ ( Fig. 3b ) and in two of the three it was also HLA-DQ+. Epithelium of the distal ileum did not stain with anti-HLA-DR in two children (8 and 14 mo) and was HLA-DR+ in only one child (age 16 mo) who had a bowel resection for intussusception. Although the mucosa appeared normal in this child, the stained sections were from areas with prominent lymphoid hyperplasia. The possibility remains that lymphoid hyperplasia was associated with the intussusception and this condition resulted in a change in the epithelial cells with respect to class I1 antigen expression. No staining was observed with the HLA-DP antibody on fetal or postnatal intestinal epithelial cells.
The expression of MHC class I antigens was examined in three fetal and three postnatal intestinal specimens using a MAb reactive with HLA-A,B,C and was found to be present on the Horizontal bars represent 50 p. Fig. 3 . THe expression of MHC class I1 antigen in proximal fetal jejunum (a), and 6-mo-old infant (b), determined by immunohistochemical staining with anti-HLA-DR antibody. Many stained cells are present in the lamina propria of both specimens. Some large cells demonstrate dendritic staining (small arrow). Epithelial cell staining is not observed in the fetal intestine, but is present on the intestinal epithelium of the 6-mo-old infant (large arrow) (magnification 160~). Horizontal bars represent 50 p. intestinal epithelial cells prenatally as well as postnatally. Epithe-spleen. The relatively larger number of CD4' cells in our study lial cell staining was not observed with anti-CD4 in any of the may be due in part to the staining of macrophages as well as T intestinal tissues examined. A comparison of the salient immu-helper/inducer lymphocytes with the CD4 antibody. nohistochemical features of fetal and postnatal small intestine is Lymphoid cells have been identified in human fetal intestinal shown in Table 2 . lamina propria as early as 8 wk gestation (20) and organization
Colon. CD20f cells were present mainly in lymphoid aggre-of Peyer's patches occurs between 3-7 wk later (4, 7). However, gates in the colon of all six fetuses. Lightly stained CD2 1' cells there are only limited studies describing immunohistochemical were present in small lymphoid aggregates of three fetal colons. characterization of fetal intestine. Clusters of cells expressing IgMf and IgD' cells were sparsely distributed in the lamina CD4 but not CD3, have been identified in the terminal ileum of propria of five specimens and were absent completely in one. fetuses by 1 1 wk gestation (7). These cells were probably macNeither IgAlf, I&+, nor IgG' cells were identified in any fetal rophages. Lymphocytes bearing T and B cell-associated antigens colonic tissue. Fewer T cells were present in the colon specimens were found between 14 and 16 wk gestational age (7). than in the small intestine, but the lamina propria contained In our study, the distribution of lymphocytes bearing various scattered T cells identified by CD3, CD4, and CD8. No CD4+ T and B cell surface markers was characterized throughout the intraepithelial lymphocytes were identified, and rare CD8+ intra-human fetal intestine and compared with normal postnatal inepithelial lymphocytes were found in only one fetal colon. No testinal tissue. Lymphoid aggregates were present in both proxi-MHC class I1 antigen expression was detected on the colonic mal and distal segments of fetal intestine and were numerous in epithelium but there was prominent staining of cells in the lamina the cecum. These primary follicles were identified by anti-CD20 propria with all three HLA antibodies.
and (weakly) anti-CD21 in the same distribution as IgM' and IgDf cells. Germinal centers, or secondary lymphoid follicles, DISCUSSION were not identified in any fetal tissue examined. Interestingly, IgG' lymphocytes were occasionally present in the spleen and Lymphocyte development previously has been characterized thymus of one fetus, and some I@I+ and I@2+ cells were found in humans and nonhuman species (3, 5, 6, 13, 16-19); however, in primary follicles of the spleen Or intestine of three fetuses. few studies have investigated the normal distribution and postThe finding of IgG' and IgA+ lymphocytes in fetal tissue could natal changes of lymphocytes in the human fetal intestinal mu-be the result of antigen-independent B cell differentiation (2 I), a cosa (7-9, 20). pre-B cells, which contain intracytoplasmic p-fetal immune response to intrauterine infection (23), Or an heavy chains but lack surface IgM, first appear in the liver by 8 immune response induced by antiidiotypic antibodies from the wk gestational age (17) and then in the bone marrow around the mother (24). The presence of IgG-and IgA-bearing B cells have 12th wk of gestation (5, 18). By 16 wk gestational age, B cells been previously reported in human fetal tissues (21) but not in with surface IgM and IgD are found in fetal liver, bone marrow, fetal intestine. Fluorochrome-labeled goat antibodies specific for spleen, lymph node, and tonsil (5, 21).
Ig heavy chains were used in double-staining experiments to The maturation of T lymphocytes progresses through an or-demonstrate the presence of IgG-and IgA-bearing lymphocytes derly process of acquisition and loss of distinct cell surface in fetal liver as early as 11 wk gestational age (21). Most of the antigens during intrathymic differentiation (3). The expression IgA+ and IgG' cells also expressed IgM in contrast with B of T cell associated antigens has been demonstrated in fetal lymphocytes from adults that expressed IgG and IgA as single thymus as early as 10 wk gestational age (22) and by 12 wk, the isotypes (21). Evidence also exists that the fetus can secrete IgA fetal thymocyte phenotype is identical to the neonatal thymocyte in utero as a result of infection (23, 25) . The presence of secretory phenotype (13, 19). The appearance of T cells in the thymus IgA and IgM against Escherichia coli 0 and poliovirus type 1 precedes the finding of cells bearing T cell-associated antigens in antigens in saliva and meconium collected from newborns also the bone marrow and liver that occurs around the 13th wk of supports the hypothesis that the fetus is capable of isotypic gestation (2). The distribution of T cells in fetal thymus, spleen, switching (24). Mellander et al. (24) , suggested that because the and liver in this investigation, was for the most part consistent fetuses had not been exposed to poliovirus in utero, the antibodies with previous reports (2, 3, 13, 15, 19). The majority of fetal were induced by antiidiotypic antibodies from the mother. Althymocytes expressed the T cell antigens CD1, CD3, CD4, and though the mechanism is not known, these previous studies CD8. In fetal liver and spleen, cells expressing CD4 were very support our observation that fetal intestinal tissue may contain numerous and scattered evenly throughout the parenchyma. both IgG-and IgA-bearing lymphocytes. Cells expressing CD3 and CD8 were less numerous, and, in the The distribution of B lymphocyte markers was also examined spleen, were predominately located in the periarteriolar sheath. in intestinal specimens of seven infants and children. The earliest
In contrast, Rosenthal et al. (19) , using fluorescence-activated postnatal specimen examined was the proximal jejunum of a 1-cell sorter analysis of a splenic cell suspension, have reported a d-old unfed infant in which rare IgD' lymphocytes were the only prevalence of CD8' cells compared to the CD4' cells in the B cells found. This pattern resembled that of the fetus. Peyer's
